Although the eminent threat of a terrorist group detonating an improvised nuclear device (IND) in an urban environment is low, it is crucial that countries develop modern nuclear forensic capabilities to expedite response in a post-detonation scenario. In particular, new instruments need to be created to shorten dissolution time, expedite chemical separation, and improve forensic analysis of the nuclear melt glass that is created during the detonation of the device. To expedite this process, an instrument was designed to thermally couple a gas chromatograph (GC) to a time-of-flight inductively coupled plasma time-of-flight mass spectrometer (ICPTOFMS) In order to couple these two instruments, another instrument was designed to provide an isothermal atmosphere between the GC and TOFICPMS to expedite rapid gas separations processes. By using gas separations instead of the current wet chemistry processes, the required separation and analysis time of the melt glass significantly decreases. The new instrument would also provide a more detailed analysis of the elemental and isotopic composition of the melt glass. By completing these tasks simultaneously, this significantly decreases the required time to conduct these separations and improves the elemental and isotopic analysis.
Introduction
The threat of a nuclear weapon detonation by a terrorist organization is a concern to the NNSA and other government agencies that are tasked with the secu-rity of the nation and its citizens. These agencies must create novel methods for safeguarding special nuclear material and developing post-denotation forensic analysis techniques. In the event that an improvised nuclear device is detonated the debris that is generated contains valuable elemental and isotropic data to help identify the age and processing location of the nuclear material. To obtain this information wet chemistry analysis techniques are used; however, these methods for investigating post-detonation debris and materials are tedious and prolonged. The purpose of this research is to develop novel chemical separation methods to shorten analysis time and improve the retrieved data from the debris. To expedite the analysis of the fall out debris, a new instrument for gas phase separation will be discussed.
A method of coupling a traditional gas chromatograph to an inductively coupled plasma time of flight mass spectrometer was investigated. The gas chromatography (GC) system will be used to begin the separation process by heating sample material to the gas phase. The samples eluted from the GC will be transported to the mass spectrometer (MS) for analysis through a column encased in a temperature controlled coupling unit. Using this combination of instrument, separations of post-event debris can be performed while simultaneously acquiring elemental and isotopic signatures in the same experiment. Initial experiments have shown that this apparatus can improve separation times from the standard ~7 hr. to < 1 hr.
Theory
Wet chemistry processes are currently used to separate and prepare melt glass samples created during a nuclear blast for analysis. The basic processes include dissolution, precipitation, solvent extraction, ion exchange, and sample analysis.
These methods successfully achieve elemental separation and preparation; the process requires long periods of time and material to accurately characterize the melt glass [1] .
To decrease the analysis time and material requirements, the melt glass can be separated and analyzed while it is in the gas phase, thereby eliminating several of the sample preparation processes. The method explored herein begins after sample dissolution of post detonation samples. The samples are taken from the liquid phase to the gas phase and analyzed via thermo-chromatography techniques that can be performed accurately and timely. To perform this process, a gas chromatography unit is used to separate chemically modified debris samples [2] [3]. The gas mixture is carried through a quartz column and the compounds separate based on thermodynamic parameters as described by Auxier et al. and Eichler et al. [4] [5] . This process can be modeled by a Monte Carlo model that utilizes the different enthalpies of absorption and desorption that occurs between the lanthanide compounds and the wall of the column. The lanthanoid compounds are heavier than the carrier gas and contain different properties with regard to enthalpy and entropy. The lanthanide compounds will adsorb to the sides of the quartz column and depending on the characteristics of the individual elements they will desorb from the column thus causing them to separate into individual peaks, see Figure 1 . Based on the differences in entropy and enthalpy of adsorption and desorption between the compounds and the quartz column, the elemental compounds can be separated. In order to obtain the necessary elemental and isotopic analysis, the gas chromatography unit is coupled to an inductively coupled plasma time-of-flight mass spectrometer (ICP-TOF-MS).
The ICP-TOF-MS is capable of delivering the required isotopic and element data such that the elemental ratios of the post detonation sample can be calculated.
To ensure accurate and reproducible results, the adsorption, desorption, and flow velocity must be controlled. The adsorption and desorption terms are related by temperature and is calculated in Equation (1) where a τ is the adsorption of the column, 0 τ is the oscillatory period of the molecule, A H ∆ is the adsorption enthalpy, R is the gas constant, and T is the temperature of the column. The gas flow through the column is defined in Equation (2), where m F is the reference flow of gas at the beginning of the column, C T is the column temperature, T is the temperature of the gas at the flow meter, P is the gas pressure at the end of the column, and
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H O P is the correction factor for the pressure in case the solution is saturated by water.
In previous work with super-heavy elements (SHEs) [6] [7], the column was lined with alpha and beta particle detectors, however for the purposes of this work, the column is coupled to the ICP source of the MS system. To couple the quartz column between these two instruments, a heat transport apparatus was built that would connect the GC unit to the MS and provide a temperature controlled environment for the quartz column.
According to the analysis addressed by Garrison et al. and Hanson et al. [8] , the temperature of the column drastically changes the results of the chromatography. Therefore it is crucial to analyze the thermophysical properties of the Figure 1 . Separation that occurs in the column of the GC.
column to ensure that the proposed apparatus design will create an isothermal atmosphere.
The apparatus was designed to encapsulate the column in an atmosphere of air; according Schimdt et al. [9] , the material properties between the contents in the column and the heat exchanger material should be similar. If the material properties are similar, the efficiency of the convective heat transfer rate remains high which causes the heat transfer heat rate to remain turbulent. As the air cools around the column, the difference in air temperature between the column and face of the casing causes the hot air to circulate around the column; this creates an isothermal atmosphere around the column. The following equations are used to calculate weather the heat transfer rate is turbulent, and how to calculate the convective heat transfer rate.
Turbulent convective heat transfer occurs when the value of the Reynolds number (Re) exceeds 2300, and this value can be calculated by Equation (3).
Where g ρ is the density of the gas inside the column, g V is the velocity of the gas inside the column, c d is the diameter of the column, and g µ is the dynamic viscosity of the gas
* * Re
Once the transition between laminar and turbulent flows occurs, the value of the Nusselt number can be calculated by using Equation (4 
The corrected Nusselt number is then used in Equation (6) 
Building New Instrument
Because of the high temperatures required for accurate radiochemical separations, the material used to construct the apparatus must withstand temperatures greater than 450˚C [10] . Therefore the heaters, thermocouples, and structural materials were selected to tolerate these temperatures. The structural material that was selected was a stainless steel 316 alloy with a melting temperature exceeding 1000 K.
According to the previously shown equations, the adsorption and desorption properties are directly related to the change in temperature in the column [11] .
To maintain a uniform isothermal environment for the column, the case surrounding the column must be heated uniformly. A series of multiple, independently controlled, heating elements was chosen to provide the necessary uniformity [12] . The heaters are required to operate independently to be able to control the thermal dynamics of the case depending on the location of the heater on the pipe. The heaters at the ends of the case/pipe will operate more to account for the thermal loss due to the lack of insulation [13] . To account for the thermal changes and to provide the required thermal stability, six Wattco heaters were connected to the casing surrounding the column. The six different heaters attached to the casing ensures that the heat supplied to the sides of the casing is even and that the temperature of the column remains constant (±2˚C).
After the heaters were attached to the sides of the column, thermocouples were attached in specific positions along the column. According to the calculations previously discussed, to accurately control the temperature along the column, there needs to be no less than three heating zones along the length of the pipe. To maintain the required isothermal atmosphere, there were four thermocouples attached to the casing around the pipe column to control and monitor the heating zones. The rate of heat loss is the largest at the ends of the apparatus, therefore the thermocouples at these locations control two of heaters instead of only one heater.
The thermocouples (Figure 2 ) used are Omega, Cement On, C01-E thermocouples. The C01-E were chosen because of their fast response time and low thermal inertia. These thermocouples are recommended for attachment to either flat or curved materials that are composed of metal, plastic, or ceramic surfaces.
The C01-E style is made from a thermocouple alloy foil that is fabricated such Figure 2 . The completed instrument.
that the contacts of the thermocouple are only 0.013 mm thick; this ensures that the thermocouple detects small changes in temperature within a small period of time. The C01-E thermocouples were fabricated according to the specifications of American National Standards Institute (ANSI). Special Limits of Error material specifications with regard to the error margin they allow when measuring the temperature. Once the C01-E thermocouples were attached to the casing, they were calibrated through the controller by using a laser thermometer to ensure the accurate temperature was measured.
The thermocouples were attached to the side of the casing by using the 300
Omega high temperature cement bond. The cement was chosen for its high thermal conductivity properties, and the low sensitivity to thermal shock it possesses. This type of thermal cement also does not dissolve the insulation surrounding the C01-E thermocouples and creates another insulation barrier for the thermocouples. Thus protecting the thermocouples from breaking and short circuiting during operations. Since the apparatus will be used for gas phase separations, a concern was that solvents or acids could potentially be split on the apparatus thus breaking the thermocouples; the cement that was chosen is resistant to most acids and solvents used for the gas phase separations.
The Omega CN1504-TC multi-zone controller was selected to control the heating zones of the apparatus, and controls the ramp/soak process required for gas phase separations. This control system controls four separate channels and possesses a built in proportional-integral-derivative controller (PID) to measure the feedback from the attached sensors; however, the PID can be shut off if the heaters need to be run continually. The CN1504-TC scans each of the four channels every 0.5 sec to ensure that the temperature at that sensor remains constant. These parts were assembled, and then connected to the top of the GC and to the torch of the ICPMS. Figure 2 shows the completed instrument.
Results
A thermal analysis of the new instrument was created by using the Matlab R2013B [14] software. After completing the model, the results indicated that at the maximum operating temperature of the quartz column (300˚C) the temperature varied 2.3% of a degree (±1˚C). Because of the small variation in the temperature down the column, the gas phase separations will be accurate and re- Figure 3 and Figure 4 , with a resolution calculated by Equation (7) [15].
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where r t is the retention time of a given peak, R is the separation factor, and avg w is the width of the peak at the base, which is used in Equation (8) The spectra shown in Figure 3 and Figure 4 indicates that the apparatus provides an interface providing excellent medium for separation. Furthermore, the system provides excellent resolution between the compounds that are located in the same group, identical trivalent charge, and similar ionic radius. The separation factor for the new instrument is 8.5, which translates to a separation of 99.9999%. The compounds, for the experimental run were injected into the column at t = 3300 sec. 
Conclusion
By creating this new instrument, analysis of both elemental and isotopic separations can be completed within a 5 minute time span; greatly reducing the time required to perform analysis from the current chemical separation techniques.
By adding this capability to the nuclear forensic laboratories this would decrease analysis time and improve elemental and isotropic analysis, thus improving our national response to a nuclear detonation event.
